clusions from negative preclinical studies and, conversely, to reduce false-negative preclinical evaluations of potential therapeutic compounds. Without being exhaustive, we address three major issues in conducting and interpreting preclinical experiments, including: (a) the choice of animal models, (b) the experimental design, and (c) issues concerning statistical analyses of the experiments. This general introduction is followed by synopses of negative data obtained from studies of three potential therapeutics for perinatal brain injury: (1) the somatostatin analog octreotide, (2) an AMPA/kainate receptor antagonist, topiramate, and (3) a pyruvate derivative, ethyl pyruvate. 
Introduction
Protecting the perinatal brain is a healthcare priority, and the search for new, safe and efficacious neuroprotectants has been a major quest during the last decade [1] . As in other fields of neuroprotection, preclinical studies have been extensively used to select candidate drugs for clinical trials in humans. Due to the high vulnerability of sick preterm and term newborns to neural injury [2, 3] , this selection process is of utmost importance. Previous articles have discussed potential reasons why interventions that were neuroprotective in preclinical studies were not protective in human controlled trials [4, 5] . This article focuses, instead, on negative preclinical studies, i.e. studies where no apparent significant differences were found. Such findings are critical to inform future research directions for both clinical and preclinical investigators, but historically they have been difficult to publish. A significant amount of time and resources is lost when negative results or nonpromising therapeutics are reproduced in separate laboratories because these negative results were not shared with the research community in an open and accessible format.
On the one hand, relative failure to publish negative studies biases the literature towards positive studies. Conversely, false-negative studies could lead to premature rejection of potentially promising neuroprotectants, reducing the number of successful treatments that reach the bedside and misinforming future research directions. This problem is largely due to the difficulty in publishing negative results. It is our view that well-designed and sufficiently powered negative studies, when replicated in different animal models and if possible in different species, should be published. Standards for such negative studies should be defined and specific tracks established to help these data to become available to the whole scientific community.
As an example of a robust negative outcome, oxidative stress is a key player in perinatal brain damage [6] , making NADPH oxidase a good candidate target. However, pharmacological and genetic blockade of NADPH oxidase in two separate models of perinatal brain damage in mice failed to show any neuroprotective effects [7] . While these studies documenting failure to obtain neuroprotection when NADPH oxidase was targeted were published, this paper represents an exception.
In this article, we discuss approaches to strengthen conclusions from those preclinical studies that are negative and to reduce false-negative preclinical evaluations of potential therapeutic compounds. Without being exhaustive, we address three major issues in the conduct and interpretation of preclinical experiments, including: (a) the choice of animal models, (b) the experimental design, and (c) issues concerning statistical analyses of the experiments. This general introduction is followed by three reports of negative findings from studies that were carefully designed and for which there was a satisfactory rationale. To our knowledge, this report represents the first coordinated step towards this goal in the field of perinatal neurology.
Choice of Animal Models
Although difficult to obtain, sufficient knowledge should be available to support the validity of the selected animal model for human neonates. There are several excellent reviews of the selection of animal models for perinatal brain injury research [8] [9] [10] . As there is no 'perfect' animal model that completely mimics the human situation, we propose that investigators should aim to confirm the positive effects of a given drug in multiple animal models and, if possible, in different species including both rodents and larger animals. Given the issues concerning choosing a model, confirmation in multiple models is equally important to confirm negative studies.
Experimental Design: Power and Sample Size A priori power calculations are a key step in preclinical experimental design. Failure to consider which statistical tests will be used and to appropriately power the experimental design may lead to false-negative results and premature rejection of potentially promising neuroprotectants. Unless new experiments are almost identical to others in the investigator's laboratory, using an effect size from previous experiments can lead to an over-or underestimate of the sample size required to achieve the desired power or may even lead to other design flaws. For each new experiment, a design and sample size need to be developed in the context of the study question. In publications of negative results, presenting each aspect of the sample size calculation (statistical approach to testing, expected difference between groups, hypothesized variances, and power) will assure the reviewers that the study was not underpowered to address the question of interest.
Testing neuroprotectants in new models requires reconsideration of sample size parameters. A key point in model selection is the fact that human neonates are often sick, whereas the majority of laboratory animals used for induced brain damage are healthy. In particular, systemic inflammation is present in many neonates [11] . Systemic inflammation is known to either sensitize the brain to, or protect it from, secondary insults, as well as modulating pathophysiological pathways that are activated [12, 13] . Testing neuroprotective strategies in a systemic inflammatory context is highly relevant to the clinic but requires careful consideration in preclinical experimental design. This type of design is likely to decrease the difference between groups, increase variability and increase the required sample size.
As another example, hypothermia is emerging as a standard of care, but its clinical efficacy is partial [3] , and thus hypothermia would benefit from add-on therapies to further improve outcomes. However, differences between the preclinical model and the clinical situation create a conundrum. For understandable reasons, in animal models, optimized hypothermia leads to a very high level of neuroprotection [14] . How then does one proceed to design an experiment to test add-on therapies? Two very different strategies are plausible. In one scenario, optimized hypothermia is applied, which has the advantage of mimicking the protocol that is used in humans [15] . By doing so, often significantly superior neuroprotection is obtained compared to what is observed in humans, and there may be a limited potential for the add-on compound to induce significant additive neuroprotection, potentially leading to a false-negative study unless the sample size is increased sufficiently to compensate.
Alternatively, a suboptimal hypothermia protocol may be used that would produce partial neuroprotection, comparable to that observed in babies. This protocol would be different from the one used in humans, with milder or shorter periods of cooling, but it might address the real question whether the protective agent remains protective when the brain is cooled [16] . A potential underlying and, at present, undefined risk is that if the mechanisms of hypothermia and the potential cotreatment overlap and, thus, might not warrant combinatorial use, this outcome might not be clearly shown if the preclinical study used a suboptimal cooling regime. The optimal balance between these conflicting limitations is not yet clear, but a better understanding of the mechanisms of neuroprotection with hypothermia may help resolve this conundrum [17] .
Other Design Issues
Many pharmacological compounds have U-shaped curve effects. An incomplete dose-response curve (too low or too high doses) might miss the therapeutic window. Furthermore, as we do not have a complete understanding of the pathophysiology of brain damage in our animal models (e.g. activated microglia seem to be deleterious at early stages of lesion formation, while they could be beneficial at later stages) [18] , the optimal schedule of administration of a given drug is difficult to determine a priori. Therefore, different schedules (single vs. repeated administration, early vs. delayed administration) should be tested before discarding a promising drug. A rigorous design also includes randomization using rigorous statistical procedures. Many analytic software packages now include a randomization procedure. Blinding of the observer collecting the data is another consideration. If the experimenter cannot be blinded, this should be indicated in the report on the study.
Analysis
Interactions . In analysis, the potential for there to be subsets of responders and nonresponders is rarely taken into account in preclinical studies. Despite the relative genetic homogeneity of the rodents we use, it is clear that, for some drugs, careful analysis can strongly suggest two population subgroups. Defining appropriate tests of interaction to unravel this responder/nonresponder issue could be of major importance in developing future patient-based therapies. For an interaction to be present and affect the interpretation of the analysis, the variable defining the subgroup must have a relationship to both the treatment and the outcome. Ignoring an interaction in the analysis could lead to a false-negative conclusion ( fig. 1 a,  b ). For example, some drugs have protective effects on one cell type but are toxic to another cell population ( fig. 1 a) . This can easily lead to an apparent lack of effect if data are combined across cell types. However, proper subgroup analysis could lead to the 'rescue' of the initial target combined with the design of a cell-specific strategy. If subgroups respond differently, the first step would be to test for an interaction effect by adding an interaction to the model being used to test for a treatment effect. The model would also include both a term for treatment and a term for subgroup. If an interaction is detected (usually using p ! 0.10), the two subgroups would be analyzed separately, and additional animals would possibly be needed to have sufficient power for the subgroup analyses.
Confounding Factors . False-negative results may also be obtained when there is excessive noise or great experimental variation or confounding by factors related to the outcome but not to the treatment group. If the subtypes have different baselines (e.g. sex of the pups [19] ) and thus different levels of responses, but the magnitude of response as compared to placebo is similar ( fig. 1 c) , the subtype would be a confounder. Adjusting for confounding by gender could increase the power to detect an effect by decreasing variability in the treatment estimate, decreasing the probability of a false-negative result. External factors also induce confounding. In the perinatal brain injury field, maternal stress (i.e. pregnant mothers are very sensitive to different kinds of stressors including temperature, humidity, noise or changes in habits) [20] , body temperature [21] as well as the time of the day when the procedure is performed (the expression of several trophic factors such as brain-derived neurotrophic factor vary over the day) [ 22 , Gressens, unpubl. ] may all exert confounding effects upon the final outcome. Confounding variables should be either eliminated or, if not possible, recorded and then factored into the final analysis. If a confounder is suspected, a test for interaction would be conducted. If no interaction is detected, then adjusting for confounding can be accomplished by including the potential confounder as a covariate using analysis of covariance, logistic regression or Cox proportional hazards regression, depending on the type of outcome variable. Including subgroup or other confounders as covariates could improve the precision of the treatment estimate and potentially increase the power to detect a difference.
Other Analytic Considerations
A common analytic issue is the failure to adjust for replicate measures on the same animal (unless replicates are combined into a single measure) or litter effect, as dramatically demonstrated in a simulation study using amyotrophic lateral sclerosis preclinical studies [23] . Clustering is addressed more frequently in the context of randomized trials [24] . Clustering impacts the sample size, requiring an increase over a traditional design. If clustering is not taken into account in the design but is adjusted for in the analysis as would be necessary, there is the potential for an underpowered false-negative study. Because the estimate of type I error is too low when positive within-animal or within-litter correlation (clustering) is not taken into account, there can be false-positive results -but this is not the topic of this review. Other analytic issues include failure (1) to follow intent-to-treat principles ('as randomized, so analyzed' [25] ) in analysis, (2) to account for all animals included in the experiment, (3) to adjust for multiple comparisons where appropriate, and (4) to predefine criteria for excluding animals from analysis after randomization. While many of these errors are generally more likely to contribute to false-positive studies, a poorly designed study can also lead to falsenegative results. Additionally, in convincing reviewers to publish a negative preclinical study, obvious design flaws make the study fare worse. Treatment subgroup 1 is worsening compared to placebo subgroup 1; placebo subgroup 2 has lower values, but treatment subgroup 2 is improving. If the interaction is statistically significant, the two subgroups should be analyzed separately. b Interaction. There appears to be a benefit in treatment subgroup 1, and a lesser benefit in treatment subgroup 2. If the interaction is not taken into account, there could be a modest benefit shown for both groups combined. If the interaction is statistically significant, the two subgroups should be analyzed separately. c No interaction. There is a consistent difference between placebo and treatment subgroups. The difference between placebos could reflect different baselines or different responses to factors external to the experiment. There is no need to analyze groups separately, but the confounder should be adjusted for in analysis.
In summary, false-negative studies can be avoided by proper design and analyses, such as adjusting for interactions and confounding. Standards for reporting negative studies may improve the likelihood of publication. All publications of negative studies should include a clear discussion of the design (choice of model and whether the study was replicated in multiple animal models, choice of dosing schedule, methods of randomization, blinding and sample size considerations demonstrating sufficient power). Reporting and analysis should include an accounting for all animals randomized, a discussion of approaches to the analysis of interactions and confounders if some are expected and, if applicable, a report on how replicates or litters were taken into account in the analysis. Below, we give three examples of negative studies.
Study 1: Somatostatin Analog Octreotide Fails to Protect Rat Perinatal Brain against Excitotoxicity

Introduction
Brain lesions induced in newborn mice by the glutamatergic agonists ibotenate (acting on N -methyl-D -aspartic acid and metabotropic receptors) and S-willardiine (acting on AMPA-kainate receptors) mimic some aspects of white matter cysts and transcortical necrosis observed in human perinatal brain damage [26, 27] . This model has been used to successfully evaluate different classes of neuroprotective drugs including trophic factors, such as brain-derived neurotrophic factor, or neuropeptides, such as vasoactive intestinal peptide [28, 29] . Somatostatin (SST), which modulates neurotransmission [30] , has been shown to limit N -methyl-D -aspartic acid-mediated neuronal death in vitro, and ischemic brain damage following permanent cerebral artery occlusion in the adult rat in vivo [31, 32] . Among the five SST receptor subtypes, SST2 receptor mRNA, binding sites and protein [33] are predominant in the developing rat brain. The goal of the present study was to test the hypothesis that octreotide, a stable SST2 receptor agonist, is neuroprotective against neonatal excitotoxic brain injury, focusing on cortical gray matter.
Methods Sprague-Dawley rats of both sexes were used for this study. We induced excitotoxic brain lesions by intracerebrally injecting (into the neopallial parenchyma) ibotenate (10 g; Tocris, Bristol, UK), S-willardiine (15 g; Tocris) or ibotenate + S-willardiine into developing rat brains on postnatal day 5 (P5), as previously described [34] . Octreotide (SMS 201-995; Sigma, St. Louis, Mo., USA) was coinjected with excitotoxins. Pups were sacrificed 5 days after the excitotoxic challenge. Following paraffin embedding, we cut 16-m-thick coronal brain sections. Every third section was stained with cresyl violet. This permitted an accurate determination of the sagittal frontooccipital diameter used as an index of the lesion volume. For each experiment, animals from different litters were randomly attributed to the different experimental groups, and for each experimental group, experiments were run in triplicate. The number of animals included in each experimental group was determined by a power calculation based on standard deviation from previous studies using the same animal model ( ␣ = 0.05 and ␤ = 0.20; power: 80%). We needed at least 9 animals per group to detect a 20% difference between groups, assuming a control mean lesion size of 960 m and standard deviation of 160 m. One-way ANOVA was performed and was considered significant if p ! 0.05.
Results
Within a large range of concentrations (from 5 n M to 1 M ), octreotide had no significant effect on the size of the cortical gray matter lesion induced by S-willardiine, ibotenate or both together, when compared to controls ( fig. 2 ) .
Conclusion
Despite the neuroprotective effects of octreotide on in vitro excitotoxicity or adult stroke, octreotide was not neuroprotective in a model of neonatal excitotoxic brain damage. To fully exclude a potential role for SST receptor agonists, studies on other models of perinatal brain injury, including hypoxia-ischemia (HI), should be performed.
Study 2: Lack of Neuroprotection with Delayed Topiramate Treatment after Cerebral Ischemia in Near-Term Fetal Sheep
Background Severe perinatal ischemic injury is associated with delayed onset of seizures and massive accumulation of excitotoxins and cytotoxic edema [35] . However, it remains unclear to what extent and by what mechanisms these potentially damaging events contribute to delayed cell death. For example, selective N -methyl-D -aspartate blockade, started 6 h after reperfusion (before the onset of seizures), profoundly suppressed seizure activity, but was associated with no improvement in the parasagittal cortex or basal ganglia and a modest reduction in damage to the hippocampus and temporal lobe [36] . Activation of the AMPA subtype of glutamate receptor can also be damaging [37] , and in sheep, the AMPA receptor appears to remain calcium permeable throughout the second half of gestation, denoting continuing susceptibility to excessive AMPA receptor activation [38] . Therefore, we exam-ined whether treatment with the clinically available anticonvulsant -and AMPA/kainate antagonist -topiramate would reduce neural injury after cerebral ischemia in near-term fetal sheep.
Methods
In utero, unanesthetized near-term fetal sheep were exposed to 30 min of cerebral ischemia induced by bilateral carotid artery occlusion [39] . Five hours after reperfusion, fetuses received an intravenous infusion of either normal saline (n = 7), or topiramate (Janssen-Cilag Pty. Ltd., Australia) in saline (n = 4), 25 mg over 30 min (approx. 5-7 mg/kg) followed by 8.33 mg/h for a further 24 h. The fetuses were killed after 4 days for histological assessment. EEG data were missing for 1 topiramate fetus. Data were analyzed by ANOVA; for physiological data, changes over time were treated as repeated measures to allow for repeated sampling.
Results
Cerebral ischemia was associated with severe parasagittal cortical infarction in all fetuses. There was extensive neuronal loss in the lateral (temporal) lobe, the hippocampus and thalami, and infarction in key white matter areas including the intragyral and periventricular white matter and the corpus callosum. There was no significant effect of topiramate on damage in any of these regions, and in particular, no reduction in cortical damage ( fig. 3 ) . Topiramate was associated with transient suppression of EEG activity, but seizures recurred in all cases within 1-2 h despite the maintenance infusion. The secondary rise in impedance (a measure of cytotoxic edema) was not reduced after topiramate infusion (mean: 24-48 h; controls 128 8 15% baseline vs. topiramate 135 8 5.6%, mean 8 Discussion Disappointingly, this preliminary study suggests that delayed treatment with topiramate, using a strategy broadly consistent with clinical anticonvulsant use, does not have a strong neuroprotective or white matter-protective effect. It is possible that protection requires higher doses or much earlier treatment. Nevertheless, a dose of 5 mg/kg, even as a single bolus, is known to rapidly achieve therapeutic cerebrospinal fluid levels for at least 24 h in the piglet [40] , and plasma levels in newborns [41] . Schubert et al. [42] reported protection with a 50 mg/kg loading dose, but not with 20 mg/kg, after HI in the piglet. However, they initiated the infusion very early (1 h) after reperfusion and, of concern, high-dose treatment was associated with increased white matter apoptosis. Given that in this paradigm, seizures and the rise in excitotoxins do not typically start until 5.5-9 h after isch- emia [35, 43] , and that moderate hypothermia alone started after a similar delay was significantly protective [44] , the present data provide further evidence that these events are primarily epiphenomena of cell death. Although the present study was relatively modest in size, it had 80% power to detect a reduction in cortical neuronal loss of at least 20%, based on a vehicle mean of 88%, standard deviation 10, and two-tailed ␣ of 0.05. We cannot exclude the possibility that small or sex-specific beneficial effects of topiramate might have been observed in a larger cohort of animals powered sufficiently to enable evaluation of potential confounding factors. Future studies should focus on early postresuscitation treatment, and on cotreatment with hypothermia [16] .
Study 3: Contradictory Outcome of Studies of Ethyl Pyruvate Neuroprotection after HI in Neonatal Rats
Introduction Epidemiologic and experimental data implicate HI in the etiology of perinatal brain injury, which may lead to cerebral palsy. Apart from a partial protective effect of hypothermia, there are currently no effective therapeutic strategies for limiting perinatal brain injury. Ethyl pyruvate (EP) is a pyruvate derivative that has been shown to possess anti-inflammatory properties [45] , and has been reported to inhibit cerebral injury in adult rats after middle cerebral artery occlusion with a wide therapeutic window [46, 47] . Recently, it was shown that EP provided impressive protection (by 50%) in neonatal Sprague-Dawley rats subjected to HI as well [48] . Encouraged by these results, our specific aim was to investigate whether this beneficial effect of EP was related to improved substrate delivery to mitochondria. However, as a first step, we intended to reproduce the protective response to settle the optimal dose and timing of treatment in our laboratory, using a similar neonatal rat model of HI [49] .
Methods
Sixty P8 Wistar rats received unilateral ligature of the left common carotid artery followed by 50 min of hypoxia at 36 ° C with 7.8% O 2 . Just after hypoxia, pups were intraperitoneally injected with a single dose of either 10 (EP10 group) or 40 mg/kg (EP40 group) of EP dissolved in Ringer's solution [50] , while control pups received an injection of Ringer's solution as vehicle at the same time. Three days after the insult, animals were killed by intracardiac perfusion of paraformaldehyde. Outcome was assessed by scoring macroscopic brain injury. In order to decide the number of animals required, we performed a power calculation based on standard deviation from previous studies using the same animal model ( ␣ = 0.05 and ␤ = 0.15; power: 85%). We needed at least 11 animals per group to detect a 33% difference between groups, assuming a vehicle mean score of 3.0 and a standard deviation of 0.75. The actual power of the study -recomputed under the same assumptions used for sample size calculations, but with the sample sizes that were achieved -was 98%. Data were analyzed using GraphPad Prism 4.0 by the Mann-Whitney test.
Results
All the pups seemed to tolerate EP administration well. Nevertheless, EP administration after HI did not reduce the severity of infarction at either 10 or 40 mg/kg compared to the vehicle group (vehicle vs. EP10: p = 0.2; vehicle vs. EP40: p = 0.6) ( fig. 4 ) .
Discussion
In contrast to previous studies showing that EP has neuroprotective effects in adult and neonatal rats after HI, we were unable to detect an effect on brain injury. The results disagree with those of a recent paper showing that diverse doses of EP administered to P7 Sprague-Dawley rats before or within 30 min after HI provided up to 50% protection associated with calpain inhibition and antiinflammatory actions [48] . In that study, no significant effect was associated with a dose of 10 mg/kg, but higher doses were effective, and the optimal dose was 50 mg/kg administered 10 min after HI. The therapeutic window was limited to 30 min, which is shorter than previously reported for adult rats after middle cerebral artery occlusion [46] . The settings of our two studies investigating the effect of EP on the immature brain after HI were quite similar: the doses (10 and 40 vs. 10, 30, 50, 100, 250 and 500 mg/ kg), age (P8 and P7), gender (mixed gender in both studies), timing of treatment (10 min after vs. 30 min prior, or 10 or 30 min after HI), animal model (the Vannucci model [49] , with 7.8% oxygen in both studies, but 50 vs. 150 min of exposure time), anesthesia (isoflurane) and extent and severity of the injury observed in the vehicle controls were comparable. The two main differences were the rat strain and the solution used to dissolve EP. We used Wistar rats, whereas Shen et al. [48] used Sprague-Dawley rats. However, both rat strains were outbred, and both strains are often utilized in the Vannucci model without any major differences reported in the literature. The control group was larger than the treatment groups in the present study as both treatment groups were compared with the same control group in order to increase the study's power. This can be criticized as an increased number of animals in only one of the groups marginally increases power, and a better strategy would be to increase numbers in all groups. Nevertheless, in spite of uneven numbers of animals per group, this study had robust power to detect a 30% or greater difference between groups, a much smaller improvement than the 50% difference reported by Shen et al. [48] . Finally, Shen et al. [48] used saline as vehicle for EP, whereas we used Ringer's solution. However, EP solubilized in Ringer's solution has been shown to be an efficient neuroprotectant in adult injury models [46, 50] , suggesting that protection with EP is unlikely to depend on the choice of vehicle.
Conclusion
Taken together, these data show that quite similar experimental settings can produce very different results in different laboratories, which are not easily explained by differences in experimental setup.
